Heparan sulfate (HS) is abundantly expressed in the developing neural retina; however, its role in the intraretinal axon guidance of retinal ganglion cells (RGCs) remains unclear. In this study, the authors examined whether HS was essential for the axon guidance of RGCs toward the optic nerve head. METHODS. The authors conditionally ablated the gene encoding the exostosin-1 (Ext1) enzyme, using the dickkopf homolog 3 (Dkk3)-Cre transgene, which disrupted HS expression in the mouse retina during directed pathfinding by RGC axons toward the optic nerve head. In situ hybridization, immunohistochemistry, DiI tracing, binding assay, and retinal explant assays were performed to evaluate the phenotypes of the mutants and the roles of HS in intraretinal axon guidance. RESULTS. Despite no gross abnormality in RGC distribution, the mutant RGC axons exhibited severe intraretinal guidance errors, including optic nerve hypoplasia, ectopic axon penetration through the full thickness of the neural retina and into the subretinal space, and disturbance of the centrifugal projection of RGC axons toward the optic nerve head. These abnormal phenotypes shared similarities with the RGC axon misguidance caused by mutations of genes encoding Netrin-1 and Slit-1/2. Explant assays revealed that the mutant RGCs exhibited disturbed Netrin-1-dependent axon outgrowth and Slit-2-dependent repulsion.
R
etinal ganglion cell (RGC) axons extend outside the eye and convey visual information to the brain. RGC axon projection involves directed, radial pathfinding toward the optic nerve head in the central retina, followed by growth into the optic stalk to form the optic nerve. 1, 2 Various guidance molecules play a role. Netrin-1 and its receptor, deleted in colorectal cancer (DCC), control RGC axon growth through the optic nerve head into the optic nerve. 3 Mice lacking Netrin-1 or Dcc exhibit optic nerve hypoplasia because RGC axons fail to reach the optic stalk. Mice lacking ephrin type-B receptor 2 (EphB2) and EphB3 tyrosine kinases contain RGC axons that show guidance errors in the dorsal retina. 4 Antiserum blockade of the immunoglobulin family cell-adhesion molecule L1 results in abnormal intraretinal axon trajectories, 5, 6 whereas mice lacking the L1 gene have no significant intraretinal projection abnormalities. 7 In mice lacking Slit-1 and Slit-2, axon projection toward the optic nerve head was misrouted in RGCs within the peripheral retina. 8 Various guidance molecules appear to participate in intraretinal axon pathfinding by RGCs and compensate for each other.
Proteoglycans are glycosylated proteins that covalently link to the glycosaminoglycans chondroitin sulfate and heparan sulfate (HS), which are abundant in the developing retina. 9, 10 Chondroitin sulfate recedes centrifugally in a wavelike fashion toward the peripheral retina during rodent retinal development. 11, 12 Enzymatic disturbance of chondroitin sulfate causes aberrant RGC axon orientation in embryonic retinas. 9 The role of HS in intraretinal axon guidance of RGCs has been unclear. We previously generated mice with tissue-specific HS deletions in the developing central nervous system (CNS), in which nestin-promoter-driven Cre recombinase removed a loxP-modified gene for the HS-synthesizing exostosin-1 (Ext1) enzyme. 13 These mutants exhibited optic nerve-guidance errors in the optic chiasm. We did not evaluate the phenotypes because of late expression of Cre recombinase in the retina after optic nerve head formation. Constitutive loss of Ext1 results in lethality at embryonic day (E) 7.5 because Ext1 is critical for HS synthesis, polymerizing D-glucuronic acid and N-acetyl-D-glucosamine alternatively in the sugar chain backbone.
14 Eliminating enzymes that modify HS chains in vertebrates causes guidance errors in the optic chiasm 15 but has no apparent phenotypic effects on RGC axon-guidance in the retina, suggesting redundancy because of residual HS sugar chains.
To determine the role of HS in intraretinal axon guidance of RGCs, we disrupted Ext1 in the neural retina before optic nerve formation using the Dkk3-Cre transgene, which was expressed as early as E11.5. The HS-deficient retinas exhibited severe guidance errors in RGC axons associated with optic nerve head hypoplasia. The RGC axons failed to respond to Netrin-1-and Slit-2-induced intraretinal axon guidance. These data point to a critical role for HS.
MATERIALS AND METHODS

Experimental Animals
All the procedures involving mice were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of the Kumamoto University Committee on the Care and Use of Animals. The mutant mouse strains used in this study, including those carrying the Ext1 flox allele, 13 Dkk3 promoterdriven Cre-transgenic (Dkk3-Cre) mice, 16 Rosa26R mice, 17 Nestin promoter-driven Cre-transgenic (Nestin-Cre) mice, 18 and Netrin-1-deficient mice, 3 mutants. Genotyping of the mice was performed by polymerase chain reaction-based methods that used DNA prepared from tail biopsy specimens. All the mouse strains were backcrossed with C57BL/6 mice more than 10 times.
In Situ Hybridization
In situ hybridization with a digoxigenin-conjugated riboprobe for the genes encoding the retinal topographic markers ventral anterior homeobox 2 (Vax2) and T-box transcription factor 5 (Tbx5) was performed in the embryonic retina as described in a previous report, 13 with slight modification. Briefly, whole embryos (E11.5) were incubated with the riboprobe at 55°C overnight, followed by stringent washing. The embryos were then treated with an alkaline phosphataseconjugated anti-digoxigenin antibody (Roche, Mannheim, Germany). Hybridization signals were visualized with substrate (BM Purple; AP Precipitating Substrate; Roche). A front view of the whole retina was obtained with a stereomicroscope (SZX10; Olympus, Tokyo, Japan).
Histology
Embryos were fixed with Carnoy's fixative solution at 4°C for 3 hours, embedded in paraffin, and processed for histologic examination. After preparing 4-m-thick sections, samples were stained with hematoxylin and eosin (HE) and then histologically examined under a light microscope. Photographs were taken with a digital camera (DP50; Olympus). To compare the ocular sizes of the Dkk3-Cre;Ext1 flox/flox embryos and the controls, photoimages of the whole embryos were obtained at E18.5 with a stereomicroscope and then the ocular diameter of the ventrodorsal axis was measured in five embryos from each group.
Immunohistochemistry
Paraffin embedded 4-m-thick sections fixed with Carnoy's solution, frozen 15-m-thick sections fixed with 4% paraformaldehyde solution, and flat-mounted retinal sections fixed with 4% paraformaldehyde solution were incubated with primary antibodies. The primary antibodies used were anti-HS, HepSS1 (Seikagaku, Tokyo, Japan), antitubulin ␤-III (Tuj1) (Sigma Chemical), anti-Brn3 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-orthodenticle homeobox 2 (Otx2) (R&D Systems, Minneapolis, MN), anti-Netrin-1 (Abcam, Cambridge, MA), anti-Slit-2 (Abcam), anti-DCC (Santa Cruz Biotechnology), and antiroundabout-2 (Robo-2) (Abcam). For the diaminobenzidine (DAB) chromogenic reaction, we used biotin-conjugated anti-mouse immunoglobulin (Ig)M (Southern Biotechnology, Birmingham, AL) or antigoat IgG (Vector, Southfield, MI) secondary antibodies, an ABC kit (Vectastain Elite; Vector) and DAB chromogen (Vector), and mounting solution (Entellan New; Merck, Darmstadt, Germany). Fluorescence immunohistochemistry was performed using Alexa Fluor anti-rabbit or anti-goat secondary antibodies (Molecular Probes, Eugene, OR). After mounting using the antifade reagent (ProLong Gold; Molecular Probes), the sections were examined using a confocal laser microscope (FV300; Olympus). The diameter of the optic nerve head was evaluated after immunohistochemistry for Tuj1 on the sagittal retinal section embedded in paraffin at E14.5. The Tuj1-immunopositve width of the optic nerve head at the level of the retinal pigment epithelium was taken to represent the optic nerve head diameter. The number of RGCs in 4-m-thick sagittal retinal sections embedded in paraffin was counted after immunohistochemistry for Brn3, which is a marker for embryonic RGCs. The Brn3-immunopositve RGC density in the retinal section was determined by dividing the cell number by the retinal area, which was calculated using bioimaging analysis software (Lumina Vision; Mitani, Fukui, Japan).
DiI Tracing
Crystals of DiI (Invitrogen) were implanted onto the optic nerve head of 4% paraformaldehyde (PFA)-fixed embryos. After 2 weeks' incubation in phosphate-buffered saline (PBS) at 37°C, 500-m vibratome sections were cut, and the optic nerve projection was examined under a fluorescence microscope. To determine which of the RGC axons projected toward the optic nerve head, they were traced retrogradely by the implantation of DiI onto the retrobulbar optic nerve. After 2 hours of incubation in PBS at 37°C, flat-mounted retinal samples were created. The DiI-labeled RGC axon lengths were measured in each retinal quadrant.
Binding Assay
To study the affinity of guidance molecules for HS, we performed a binding assay that used an enzyme-linked immunosorbent assay (ELISA) method, as previously reported. 19 Briefly, Netrin-1 (R&D Systems), Slit-2 (R&D Systems), basic fibroblast growth factor (bFGF; Wako Pure Chemical, Osaka, Japan), ciliary nerve growth factor (CNTF; PeproTech, Rocky Hill, NJ), and epidermal growth factor (EGF; R&D Systems) were applied to the polystyrene ELISA tray and incubated for 1 hour at 37°C. After blocking with bovine serum albumin (BSA)/PBS, biotinylated HS (Celsus, Cincinnati, OH) was applied to the wells and incubated for 1 hour at 37°C. The bound HS was detected by horseradish peroxidase (HRP)-conjugated streptavidin and an ELISA kit (BioSource/Invitrogen, Carlsbad, CA). Absorbance after the reaction was measured using a plate reader (Model 550; Bio-Rad, Hercules, CA).
ELISA
We performed quantification of HS in Brn3 (a marker for RGCs), Slit-2, Robo-2, Netrin-1 and DCC, in the embryonic retina using enzymelinked immunosorbent assay (ELISA) at E13.5 (HS ELISA kit; Seikagaku Biobusiness Corporation, Tokyo, Japan). In ELISA for Brn3, Slit-2, Robo-2, Netrin-1, and DCC, embryonic retinal lysate at E13.5 was applied to the polystyrene ELISA tray and was incubated for 1 hour at 37°C. After blocking with BSA/PBS, the primary antibodies were applied to the tray, followed by the incubation with the biotinylated secondary antibodies. After the reaction with HRP-conjugated streptavidin and an ELISA kit (BioSource/Invitrogen), absorbance after the reaction was measured using a plate reader (Model 550; Bio-Rad). The mean Ϯ SE of the values of 450-nm optical density in five retinal samples was shown in each ELISA.
Retinal Explant Assays
Retinal explants were dissected from E13.5 embryos. Explants were cultured for 48 hours in three-dimensional gels of rat tail collagen (Sigma Chemical) with crosslinked agarose beads (Affi-Gel-Blue; BioRad) absorbed with 50 g/mL mouse recombinant Netrin-1 (R&D Systems) in 0.1% BSA. For the Slit-2 repulsive assay, a retinal explant (E13.5) was cultured between a Slit-2-transfected 293T cell aggregate and a MOCK-transfected cell aggregate for 48 hours in three-dimensional gels of rat tail collagen. After fixation with 4% PFA, axons were stained with anti-Tuj1 antibody. Immunostaining images were captured with a fluorescence microscope (BZ-8000; Keyence, Osaka, Japan). The total lengths of the Tuj1-positive axon bundles were measured with ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ ij/index.html). 1A) showed X-gal staining throughout the neural retina at E11.5, when the RGCs started to extend their axons toward the optic nerve head, 20, 21 whereas a small population of X-gal-stained cells was initially observed in the E10.5 retina (data not shown). Immunohistochemistry with an anti-HS antibody demonstrated that HS was broadly distributed throughout the ocular tissues, including the neural retina of control embryos at E12.5 (Fig. 1B) . Ocular sections of Dkk3-Cre;Ext1 flox/flox embryos revealed little positive staining for the mutant neural retina at E12.5 ( Fig. 1C) . ELISA for HS showed significantly (P ϭ 0.0122) less concentration of HS in the Dkk3-Cre;Ext1 flox/flox retina (0.02 Ϯ 0.01 g/mL) than in the control retina (0.24 Ϯ 0.11 g/mL). We confirmed that the optic nerve head in the control embryos started to form on E12.5 (data not shown). These findings indicated that HS synthesis in the Dkk3-Cre;Ext1 flox/flox neural retina had been disrupted before the optic nerve head formation began.
RESULTS
Loss of Ext1 and HS in the Neural
HS Deficiency Caused Optic Nerve Head Hypoplasia
All the mutants died during the first day of life. It was previously reported that neonatal lethality could not be circumvented in conditional gene targeting because some Cre expression was observed in the hippocampus and a part of the cerebral cortex in Dkk3-Cre mice. 16 Although the body and eye shapes of Dkk3-Cre;Ext1 flox/flox embryos appeared grossly normal, the ocular size was significantly reduced in the mutants compared with the controls (Figs. 2A-C) . A histologic study showed that the mutant retina was associated with a smaller optic nerve head (Fig. 2E) than the control retina (Fig.  2D) . Staining with anti-Tuj1 antibody confirmed the significantly reduced width of the mutant optic nerve head (Figs. 2G, 2H, 2J). The optic nerve head hypoplasia might have been associated with reduced RGC density in the mutants. We counted the number of RGCs that were stained with anti-Brn3 antibody but found no significant difference between the mutants and the controls in E14.5 sagittal retinal sections (Figs.  2K-M) . In addition, ELISA showed no significant difference (P ϭ 0.6761) of Brn3 concentration between the control retina (1. (Figs. 2K, 2L, 2N, 2O ). These results indicated that the reduced size of the mutant optic nerve head was not a secondary consequence of a diminished RGC population or a disturbed distribution of RGC and photoreceptor cells.
HS Deficiency Caused RGC Axon Misguidance within the Retina
HE-stained sagittal sections showed ectopic axon bundles that penetrated the full thickness of the mutant peripheral retina (Fig. 2F) . Immunohistochemistry for Tuj1 revealed ectopic axon bundles in the intraretinal region and the subretinal space (Figs. 2H, 2I ). Flat-mounted retinal samples revealed further details of the axon-misguidance phenotype of the mutant RGCs. The control RGC axons were radially stained from the peripheral region to the optic nerve head at the level of the nerve fiber layer (Fig. 3A) . By contrast, the radially oriented staining of RGC axons was dramatically disturbed in the mutant retinas (Fig. 3B) . Most of the stained axons were abnormally oriented in the nasotemporal direction, rather than projecting toward the optic nerve head. At the subretinal level, no Tuj1-positive axons were present in the control retina, except in the retrobulbar part of the optic nerve (Fig. 3C) , whereas many ectopic axons were stained at the subretinal level in the mutant flat-mounted retinas (Fig. 3D) . These data indicate that the directional projection toward the optic nerve head was disturbed in the mutant RGCs.
HS Deficiency Caused Reduced Projection toward the Optic Nerve Head of RGCs
Retrograde labeling with DiI implantation onto the retrobulbar optic nerve revealed the location of the RGCs with axons extending toward the optic nerve head. As shown in Figures 4C and  4D , the mutant DiI-labeled axons were twisted, whereas the control axons were relatively straight. Retrogradely labeled RGCs were distributed throughout the control flat-mounted retina (Fig. 4A ) but were less common in the mutant retina (Fig. 4B) . In particular, there were few RGCs in peripheral regions with axons that projected toward the optic nerve head. We compared the total lengths of retrogradely DiI-labeled RGC axons in each quadrant between the mutant and control retinas. The mutant RGCs showed significantly less projection toward the optic nerve head in each quadrant than did the control RGCs (Fig. 4E) . However, immunohistochemistry for Brn3 in the flat-mounted retinas demonstrated that RGCs were distributed throughout the mutant (Fig. 4G ) and the control (Fig. 4F) samples. In addition, the patterns of expression of the Vax2 (a marker for ventral retina) and Tbx5 (a marker for dorsal retina) genes 22 did not differ between the control (Figs. 4H, 4J) and mutant (Figs. 4I, 4K ) retinas. These data indicate that a minority of the mutant RGCs projected their axons toward the optic nerve head, even though their distribution and the retinal topography were undisturbed. 
Mutants in the Optic Chiasm
Nestin-Cre;Ext1 flox/flox mutants showed no abnormal retinal phenotypes such as optic nerve head hypoplasia or ectopic penetration of RGC axons (Figs. 5A, 5B) . The some population of retinal cells in Nestin-Cre;Ext1 flox/flox ;ROSA26R mice showed X-gal staining at E13.5 and E14.5 (Fig. 5C ), whereas few X-gal-stained retinal cells were observed until E12.5, suggesting that HS disruption started after the formation of the optic nerve head. Most of the optic nerves have arrived at the optic chiasm by E14.5. 23 Therefore, no abnormal phenotypes were found in the Nestin-Cre;Ext1 flox/flox mutants, though the retinal axons projected ectopically into the contralateral optic nerve after passage through the optic chiasm. 13 Similarly, the retrobulbar optic nerve of Dkk3-Cre;Ext1 flox/flox embryos showed ectopic projection into the contralateral optic nerve at the optic chiasm (Fig. 5D ).
HS Deficiency Caused Retinal Phenotypes Similar to Netrin-1-Deficient Mutants
The posterior view of the mutant eye demonstrated hypopigmented streaks in the retinal pigment epithelium (Figs. 6A, 6B) . Immunohistochemistry for Tuj1 confirmed that these streaks were ectopic axon bundles (Fig. 6C) . These phenotypes were also reported previously in Netrin-1-deficient mutants. 3 We confirmed that the Netrin-1-deficient mutants exhibited not only optic nerve head hypoplasia (Figs. 6D, 6F ) but also ectopic penetration through the full thickness of the peripheral retina (Figs. 6E, 6G of Netrin-1 for HS has been recognized since the initial biochemical purification of this axon-guidance molecule. 24, 25 In the present study, binding assays confirmed the affinity of Netrin-1 for HS, similar to other HS-binding molecules such as bFGF and Slit-2, whereas EGF and CNTF showed no such activity (Fig. 6L) . These results suggest that a loss of HS might disturb Netrin-1-dependent guidance in the retina.
HS Deficiency Caused Loss of Netrin-1-Dependent Outgrowth of RGC Axons In Vitro
To verify that RGC axon guidance depended on the interaction between HS and Netrin-1, we compared RGC axon outgrowth between Dkk3-Cre;Ext1 flox/flox and control retinal explants in vitro. In the controls, axon outgrowth was notably more robust on Netrin-1-absorbed beads than on BSA-absorbed beads (Fig. 7A ), whereas no difference was observed in the mutants (Fig. 7B) . The Netrin-1 dependency of axon outgrowth in the control retinal explants was significantly greater than in the mutant retinal explants (Fig. 7C) . These data suggest that Netrin-1 requires HS for RGC axon outgrowth in the retina.
Dkk3-Cre;Ext1 flox/flox Retinal Explants Lost Slit-2-Dependent Axon Repulsion In Vitro
The failure of axon projection toward the optic nerve head in the Dkk3-Cre;Ext1 flox/flox mice was similar to the guidance errors reported in the peripheral retina of Slit-1/2 doubledeficient mice. 8 As shown in Figures 8A to 8D , immunohistochemistry demonstrated normal distributions of Slit-2 and its receptor Robo-2, in the Dkk3-Cre;Ext1 flox/flox retina. There were no significant differences of the concentrations of Slit-2 (P ϭ 1.0000) or Robo-2 (P ϭ 0. optic chiasm. DiI crystals were implanted onto the optic nerve head of the mutant right eye at E18.5. The anterogradely DiI-labeled optic nerve was misrouted into the optic nerve of the left eye (arrow) at the optic chiasm (asterisk); this phenotype was observed at the optic chiasm of Nestin-Cre;Ext1 flox/flox mutants in a previous report. 13 GCL, ganglion cell layer; ONH, optic nerve head. Scale bars, 50 m.
for Robo-2) retinas. As reported previously, 26 Slit-2 repelled RGC axon outgrowth in control retina explants (Fig. 8E) . By contrast, the Slit-2-dependent repulsive effect was significantly disrupted in the Dkk3-Cre;Ext1 flox/flox retinal explants (Figs. 8F, 8G ). These data suggest that the HS-deficient retina exhibited multiple failures of HS-binding molecules in intraretinal RGC axon guidance.
DISCUSSION
The present study examined whether HS was essential for the axon guidance of RGCs toward the optic nerve head. Genetic disruption of Ext1 in the embryonic neural retina disturbed the axon guidance toward the optic nerve head, causing optic nerve hypoplasia, similar to that seen in Netrin-1-deficient and Slit-1/2-deficient retinas. An explant assay revealed that the mutant RGCs exhibited disturbed Netrin-1-dependent axon outgrowth and Slit-2-dependent repulsion. Overall, we demonstrated that axon projection of RGCs toward the optic nerve head required the HS expression in the neural retina. These data strongly suggest that HS steers the intraretinal guidance of RGC axons by interactions with Netrin-1 and Slit.
Several previous reports have indicated that HS is critical for projection at the optic chiasm and the optic tract. In Xenopus, the exogenous addition of HS to the developing retinotectal pathway prevented retinal axons from entering the optic tectum. 27, 28 Mutant mice that lacked Ext1 in the developing CNS 13 and zebrafish that lacked the genes for HS-modifying enzymes 15 exhibited misguidance at the optic chiasm. However, though these data provided evidence that endogenous HS steered optic nerve outgrowth, they did not reveal abnormal phenotypes for the intraretinal guidance of RGC axons. X-gal staining of the retinal sections of Nestin-Cre;Ext1 flox/flox ; ROSA26R mice demonstrated that the intraretinal axon-guidance phenotypes could not be evaluated in the mutants because the expression of Cre recombinase in the retina occurred after optic nerve head formation. Moreover, zebrafish mutants for HS-modifying enzymes still expressed HS, though it was less highly sulfated. By contrast, we confirmed gene recombination at E11. 5 flox/flox embryos. 13 These findings indicate that HS plays a substantial role not in the migration of neuronal cells but rather in axon guidance in the retina.
The main abnormal phenotypes of Dkk3-Cre;Ext1 flox/flox mutants were optic nerve hypoplasia, ectopic axon penetration throughout the full thickness of the neural retina and into the subretinal space, and disturbance of the centrifugal projection of RGC axons to the optic nerve head; these shared features with the phenotypes of mutants disrupted for genes encoding HS-binding guidance molecules. HS has been shown to interact with Slit/Robo, 29 Netrin-1/DCC, 30 and Semaphorin/ Plexin 31 axon-navigation systems. Netrin-1-deficient mutants have been associated with optic nerve hypoplasia and ectopic axon penetration through the full thickness of the neural retina and into the subretinal space. Hypopigmented streaks in the retinal pigment epithelium corresponding to ectopic axon bundles have also been observed in Netrin-1-deficient eyes. These similarities suggest a disturbance of Netrin-1/DCC signaling in the Dkk3-Cre;Ext1 flox/flox retina. Netrin-1 induced RGC axon outgrowth in vitro. 3, 32 The interaction between HS and Netrin-1 induced axon outgrowth in the commissural neurons of the spinal cord 30 and diencephalospinal longitudinal tract formation of dopaminergic neurons in the posterior tuberculum of zebrafish. 33 In the present study, HS-deficient retinal explants did not show Netrin-1-dependent axon outgrowth in vitro, suggesting disturbed Netrin-1/DCC signaling in the Dkk3-Cre;Ext1 flox/flox retina. Taken together, these data suggest that the interaction between HS and Netrin-1 promotes optic nerve formation, thereby preventing the ectopic penetration of RGC axons.
The axon misguidance observed in the Dkk3-Cre;Ext1 flox/flox retina was more severe than that in the Netrin-1-deficient retina. Most of the mutant RGC axons in the optic fiber layer of the peripheral retinal region projected straight toward the optic nerve head in Netrin-1-deficient mutants, 3 whereas the axon projection toward the optic nerve head in the peripheral retinal region of Dkk3-Cre;Ext1 flox/flox mutants was more drastically disturbed, indicating the possibility of the disturbed functioning of another guidance molecule. In Slit-1/2-deficient retinas, some of the RGC axon bundles extend ectopically into the outer retinal layers, escaping from the optic fiber layer: 25% of the RGC axons originating in the periphery of the retina deviate from their normal peripheral-central orientation and form abnormal curved trajectories. 8 Slit-1 and Slit-2, which are expressed in the neural retina and the lens, are thought to mediate the axon projection of RGCs to the optic nerve head, exerting a chemorepulsive effect. By contrast, the present explant assay demonstrated that RGC axons from the Dkk3-Cre;Ext1 flox/flox retinal explants failed to repel from Slit-2-expressing 293T cells. In addition, in guidance events other than intraretinal projection, a loss of HS reportedly disturbs Slit-dependent axon guidance. 13,34 -38 This evidence suggests that the axon projection of RGCs toward the optic nerve head in the Dkk3-Cre;Ext1 flox/flox retina might be impaired through Slit/Robo signaling; hence, the intraretinal guidance errors observed in Dkk3-Cre;Ext1 flox/flox eyes might be compound phenocopies of netrin-1 and slit-1/2 mutants.
We could not discount the possibility that other HS-binding guidance molecules were also affected in the Dkk3-Cre; Ext1 flox/flox retina. Ephrin-A3 39 and ephrin-B3 40 have binding sites for HS. Ephrin-A3-deficient mutants and triple-knockout mice, including the genes for ephrin-A2 and ephrin-A5, exhibit disturbances of retinogeniculate and retinocollicular projection, though no apparent misguidance has been reported in intraretinal axon projection. Mutant mice lacking genes for both EphB2 and EphB3, which are receptors for ephrin-B3, show RGC axon-pathfinding errors; however, the incidence is 33% in the mutants, and only a few axons diverge from the normal projection toward the optic nerve head. 4 This phenotypic difference indicates that RGC axon misguidance in the Dkk3-Cre;Ext1 flox/flox retina cannot be adequately explained by the disturbance of the interaction between HS and ephirin-A3 or ephirin-B3.
The present retinal explant assay strongly suggested that HS originating from RGCs affected the Netrin-1-and Slit-2-dependent axon guidance of RGCs. HS controls HS-binding molecules through two modes of action. First, HS modulates the diffusion and the gradient of HS-binding molecules within the local environment. In Drosophila, HS regulates the gradient formation of transforming growth factor-␤ (TGF-␤) and Wnt homologs during wing development. 41, 42 However, the present study revealed no changes to the distributions of Netrin-1 and Slit-2 in the mutant retina. Second, HS proteoglycans on the RGC axons promote the interactions between guidance molecules and receptors. The enzymatic digestion of HS abolishes the chemorepulsive response to Slit-2 in olfactory interneuron precursors 29 and Xenopus retinal axons. 43 We previously reported that HS-deficient commissural neurons showed abnormal projection in the spinal cord, where HS was expressed normally. 30 Moreover, the present in vitro study confirmed that HS-deficient retinal explants had lost the axon response to Netrin-1 or Slit-2. HS-deficient RGCs also exhibited abnormal axon guidance in the optic chiasm, but this local environment expressed HS normally. These findings are consistent with the concept that HS proteoglycans on the axon surface regulate guidance signals through the interactions between HS and guidance molecules. 44 In conclusion, we demonstrated that HS was an essential factor for the intraretinal projection of RGC axons. HS deficiency led to severe guidance errors, such as optic nerve head hypoplasia, ectopic axon penetration into the full thickness of the neural retina and the subretinal space, and disturbance of the directional projection toward the optic nerve head, which were composites of those caused by losses of Netrin-1 and Slit-2. HS appeared to modulate the proper function of these HS-binding guidance molecules in RGC axon projection during intraretinal axon pathfinding.
